Knowledge of the diversity of magnetotactic bacteria in natural environments is crucial for understanding their contribution to various biological and geological processes. Here we report a high diversity of magnetotactic bacteria in a freshwater site. Ten out of 18 operational taxonomic units (OTUs) were affiliated with the Deltaproteobacteria. Some rod-shaped bacteria simultaneously synthesized greigite and magnetite magnetosomes.
M
agnetotactic bacteria (MTB) in the class Deltaproteobacteria have been shown to produce magnetite (Fe 3 O 4 ) or greigite (Fe 3 S 4 ) magnetosomes, or both within the same cell (1-3). They have been widely found in marine sediments (4) , river estuaries (5), coastal salt ponds (6) , lagoons (7) , and alkaline environments (8) but only occasionally in freshwater lakes (3, 9) . Because of their unique ability to biomineralize both magnetite and greigite, the Deltaproteobacteria MTB have attracted great interest as possible tools to aid in deciphering the mechanism of magnetosome biomineralization and the evolution of bacteria magnetotaxis (3, 10) .
The Deltaproteobacteria MTB may play an important role in biogeochemical cycling of iron and sulfur elements. Recently, a cultivable strain, BW-1, which was isolated from a brackish spring, was found to mineralize either magnetite or greigite magnetosomes depending on the concentration of environmental hydrogen sulfide (3). In nature, most reported Deltaproteobacteria MTB have been found in saline environments. However, the overall diversity and distribution of these MTB in freshwater environments are still poorly understood.
Surface sediment samples (ϳ10-cm depth) and two in situ vertical cores were collected from a site (34°15=10.00ЉN, 108°55=13.41ЉE) in the city moat of Xi'an, China. The water pH ranged from 7.1 to 7.5, and salinity was less than 0.34 ppt. The two vertical cores (about 1 m away from each other) were sampled using a gravity sampler. Geochemical analyses of S Table S1 in the supplemental material. Live MTB were magnetically enriched using the MTB trap method described previously (12, 13) . We observed that the MTB lived in a narrow layer in the uppermost sediment (0 to 2 cm) and in the water column no more than 2 cm above the sediment in core water that correlated to the critical oxicanoxic transition zone (OATZ) of the site, where chemical parameters dramatically changed (Fig. 1) . The composition of the MTB community was examined using a Bacteriodrome (14) , light microscopy, transmission electron microscopy (TEM), and 16S rRNA genes. Magnetococci were the most dominant MTB, occurring 2 cm both above and beneath the water-sediment interface. The rod-shaped MTB were abundant at 1 cm beneath the interface. Spirilla and vibrios were also occasionally found in the same layer. The occurrence of MTB around the OATZ and correlations to geochemical variation were in line with previous studies (15, 16, 17) . Detailed information on the sampling site and methods are presented in the supplemental material.
Morphologies of the enriched MTB cells are shown in Fig. 2 . These MTB include cocci, spirilla, vibrios, and large rod-shaped bacteria. Within these MTB cells, different morphologies of magnetosome were found: for example, elongated prismatic magnetosomes in magnetotactic cocci ( Fig. 2A to C) , cuboidal magnetosomes in magnetotactic spirilla (Fig. 2D) , and bullet-shaped and irregular magnetosomes in vibrioids and rod-shaped to oval MTB ( Fig. 2G to K). The magnetosomes were arranged in single chains ( Fig. 2D and E), multiple chains ( Fig. 2A, F , and J), clusters of randomly oriented grains concentrated on one side of the cell (Fig.  2C) , or multiple short chains parallel to the short axis of the cells (Fig. 2G) .
Phylogenetic analysis based on 16S rRNA gene sequences was performed to determine the community structure of MTB. All sequences (50 sequences) were composed of 18 operational taxonomic units (OTUs), which were defined at the 98% similarity level ( Fig. 3A; also, see Table S2 in the supplemental material). Ten OTUs (OTUs 9 to 18) were identified as belonging to sulfate-reducing bacteria (SRB) within the Deltaproteobacteria, which accounted for more than 50% of all retrieved sequences. Although three OTUs (OTUs 16 to 18) were closely related to previously described MTB (3), sequences belonging to OTUs 9 to 15 were highly divergent from known MTB species (Fig. 3A) and might therefore represent novel branches. Furthermore, phylogenetic analysis has demonstrated that OTU 8 is 92% identical to the cultured Gammaproteobacteria MTB BW-2, belonging to the family Thiotrichales (18), whereas OTU 7, which has relatively low similarity (90%) to the other cultured strain, SS-5, was affiliated with the family Chromatiales. Both the families Thiotrichales and Chromatiales possess the ability to oxidize sulfur and are known as sulfur-oxidizing bacteria (SOB) (18, 19, 20) . Additionally, six OTUs (OTUs 1 to 6) belong to the Alphaproteobacteria, three of which were most similar to three different known magnetotactic cocci, whereas the others had high similarities to the cultured strain Magnetospirillum gryphiswaldense MSR-1 (96% to 99%).
Fluorescence in situ hybridization (FISH) analysis was performed to confirm that the Deltaproteobacteria 16S rRNA gene sequences originated from the MTB enrichment. Probe SRB385Db (21), specific for SRB in the Deltaproteobacteria, was found to match all the Deltaproteobacteria sequences retrieved in this study and was therefore selected for FISH analysis. The enriched MTB sample was stained with DAPI (4=,6=-diamidino-2-phenylindole) and hybridized with the universal bacterial probe EUB338 and the specific probe SRB385Db. As shown in Fig. 3B to D, large rod-shaped bacteria (2.5 to 5.7 m in length) and small cocci (1 to 2 m in diameter) robustly hybridized with the specific probe. TEM analysis of the rodshaped bacteria revealed that they contain both bullet-shaped and irregular rectangular magnetosomes in the same cell ( Fig.  3E and F) . High-resolution transmission electron microscopy (HRTEM) imaging (Fig. 3G and H) , fast Fourier transform (FFT) patterns (see Fig. S1 in the supplemental material), and energy-dispersive X-ray spectroscopy (EDX) analyses (Fig. 3I  and J) indicate that the mineral phase of bullet-shaped magnetosomes was magnetite, while the irregular rectangular magnetosomes were greigite. MTB which exclusively produce either greigite or magnetite and which have the same cell shape and size were also observed in the same microcosm.
MTB cells simultaneously producing magnetite and greigite magnetosomes are of great interest for studies of microbiology, environmental magnetism, and biomineralization (3, 5, 22) . These bacteria were first identified in the Pettaquamscutt River estuary in Rhode Island, a saline environment (5) . Those authors discovered that these rod-shaped bacteria form bulletshaped magnetite magnetosomes when they are found within the upper sediment layers, but when they are found in the deeper, hydrogen sulfide-rich layers, most rod-shaped bacteria synthesize greigite magnetosomes (23) . The present study has shown that diverse, large rod-shaped MTB of the class Deltaproteobacteria that can produce either magnetite or greigite magnetosomes, or both, can be found in the surface sediments of the freshwater moat of Xi'an (Fig. 3) . Microbial community analysis based on 16S rRNA genes and FISH in this study determined that these MTB belong to the sulfate-reducing Deltaproteobacteria, which have similarity to the pure cultured strain BW-1 (90% to 92%). Recently, Lefèvre and coworkers found that the mineralization of greigite and magnetite magnetosomes by BW-1 depends on the concentration of hydrogen sulfide (3) . Two candidate gene clusters may control the biomineralization of greigite or magnetite magnetosomes (3) . Further investigations, such as metagenomics or single-cell analysis, of these newly isolated Deltaproteobacteria MTB are needed in future to elucidate the detailed function of the magnetosome genes and their regulation networks.
It was interesting to find a high phylogenetic diversity of MTB, especially in the Deltaproteobacteria, in the Xi'an city moat (Fig. 3) . These MTB mainly occupied the top layer (less than 2 cm) of the sediments, where chemical gradients were steep, as indicated by the concentrations of S 2Ϫ , SO 4 2Ϫ , NH 4 ϩ , PO 4 3Ϫ , and O 2 ( Fig. 1 ; also, see Table S1 in the supplemental material). The sampling site contained large amounts of nutrients and can be classified as a eutrophic environment (11) . Therefore, a possible explanation for the highly diversified Deltaproteobacteria MTB in this sampling site could be that the high nutrient loading, steep vertical chemical gradient, and fast changes associated with sewage pollution provide diverse micro-ecological niches for different bacterial lineages and help to stimulate their growth, in contrast to what has been found in other studies of freshwater MTB (15, 24, 25) . The availability of nutrients, and hence energy supply, and sharply vertical redox environments have been shown to be important drivers of microbial diversity (6, 26, 27, 28, 29) . The distribution of Deltaproteobacteria MTB has been documented in saline environments (3, 4, 5, 7, 30) and freshwater niches (3, 9) . Altogether, our results may suggest that the Deltaproteobacteria MTB, which include greigite-producing varieties, may widely exist in both saline and freshwater environments.
Nucleotide sequence accession numbers. The sequence data have been submitted to the DDBJ/EMBL/GenBank databases under accession numbers JX134734 to JX134751. 
